Abstract We investigated whether plant species with longer-lived seeds in the soil had lower rates of local extinction between 1950 and 1985 than species with shorter-lived seeds in 26 intact remnants of extensively used calcareous grasslands. In a previous study we had found higher rates of local extinction for smaller populations, for species with shorter life cycles, and for species with higher habitat speci®city. We compiled information on seed longevity from recent literature. Seed longevity had a highly signi®cant eect on the rate of population extinction. Rates of local extinction were lower for species with seed longevity >5 years (33.8%; 31 species) compared with species with shorter-lived seeds (1±5 years: 60.7%, 46 species; <1 year: 58.5%, 81 species). The integration of seed longevity into our analysis did not change our previous conclusions on the dependence of local extinction rates on habitat speci®-city and on life form. Species in our data set with higher habitat speci®city tended to have shorter-lived seeds than species with lower habitat speci®city. Thus, most characteristic species of calcareous grassland do not persist in the seed bank and can not rely on this mechanism as a buer against local extinction.
Introduction
Because of changes in land use many formerly common, extensively used grassland habitats have become rather small and isolated (Willems 1982; Ratclie 1984; Zoller et al. 1986 ). Persistence of many species therefore now depends on population persistence in such remnants. If landscape-scale processes (such as wild®re) are interrupted by fragmentation, vegetation change may be quick and species loss particularly severe (Leach and Givnish 1996) . However, even if habitat quality is intact persistence of local populations is at risk because of stochastic processes including environmental¯uctua-tions and natural catastrophes, demographic¯uctua-tions, and loss of genetic variability (Shaer 1987; Menges 1991 Menges , 1992 Ellstrand and Elam 1993) . Of these, environmental stochasticity is currently regarded as most detrimental for population persistence (Menges 1991 (Menges , 1992 .
The risk of local extinction may dier among species and among populations (Pimm et al. 1988; Menges 1991) . Generally, larger populations are expected to be at a lower risk of local extinction than smaller populations (Pimm et al. 1988; Simberlo 1988) . Moreover, several species characteristics may aect local extinction risk. Populations of habitat specialists are more distant from each other than populations of habitat generalists. This greater isolation may reduce both population viability (Groom 1998 ) and probability of recolonization by migration of seeds (Fahrig and Merriam 1985; Menges 1990 ). Long life span of plants is considered to be a buer against extinction risk caused by stochastic processes because it might enable populations to survive even a number of unfavourable years. Similarly, plant species with longer-lived seeds should have lower rates of local extinction than plants with shorter-lived seeds. In this way, a persistent seed bank may allow population persistence after local disappearance from the aboveground community (Poschlod 1993; Poschlod and Jackel 1993; Bakker et al. 1996; Bekker et al. 1997) .
In grassland dispersal and regeneration by seed is likely to limit diversity (Grubb 1977; Tilman 1997) , and the longevity of seeds in the soil might be an important species trait for maintaining diversity. Seed longevity need not to be independent of plant life span and habitat speci®city. In the North-West European¯ora shorterlived species generally have longer-lived seeds and vice versa . Plants typical of communities of extensively used calcareous grasslands are generally considered not to develop persistent seed banks (Hutchings and Booth 1996; Poschlod et al. 1996; Bekker et al. 1998; Davies and Waite 1998) . Such correlations may make clearcut conclusions on the separate eects of plant life span, seed longevity, and habitat speci®city on local extinction rates dicult.
In a previous study of local extinctions of plant populations in 26 intact remnants of extensively used and nutrient-poor calcareous grassland (``Mesobromion'') in the Swiss Jura mountains over a period of about 35 years (Fischer and StoÈ cklin 1997) , we found that rates of population extinction were higher for smaller populations than for larger populations, for species with shorter lifecycles than with longer life-cycles and higher for species with high habitat speci®city than with lower habitat speci®city. These results were in line with expectations derived from considerations of environmental stochasticity.
Recently information on seed longevity has become available for 158 out of 185 species (85%) in our data set and references therein; database in Thompson et al. 1997) . This allows us to test whether species with longer-lived seeds in the soil had lower rates of local extinction than species with shorter-lived seeds. Using statistical models with several factors allows us to control for eects of several species traits possibly confounded with seed longevity, though it does not explicitly control for phylogenetic eects (Mazer 1998) . In a comparative study Thompson et al. (1998) found more than 50% variance in seed longevity at the among-species level and less than 50% at higher taxonomic levels, suggesting that seed longevity is not strongly constrained by phylogeny but rather easily modi®ed by natural selection. Nevertheless, seed persistence in the soil may not be completely independent of phylogeny and therefore we also use phylogenetically independent contrasts for an additional test of the relationship between seed longevity and extinction rate (as advocated in Harvey and Pagel 1991; Harvey et al. 1995; Silvertown et al. 1997 ; but see also Westoby et al. 1995; Mazer 1998) .
In our previous study we detected a very important eect of population size on local extinction rates even after variation among species had been taken into account. Therefore, this result is not aected by the use of seed longevity to explain variation among species. However, we investigated whether the consideration of seed longevity changed our earlier conclusions on the eect of life form and habitat speci®city on rates of local extinction.
Methods

Vegetation records 1950±1985
We used the same pairs of new and old phytosociological vegetation records as in Fischer and StoÈ cklin (1997), which had been taken in 26 nutrient-poor calcareous grassland sites in the Swiss Jura mountains around 1950 and which had been repeated around 1985. Land use in these remnants had not changed between 1950 and 1985,¯oristic composition of old and new records was typical of Mesobromion vegetation in the Swiss Jura Mountains, and old and new records were taken approximately at the same location (for details on calcareous grassland vegetation, selection of sites, method of vegetation records, and consideration of the possibility of species pseudo-turnover see Fischer and StoÈ cklin 1997) . Each population was represented by a species-by-abundance record in 1950. Local extinctions were considered to be those cases when a population recorded around 1950 was missing in the corresponding new record around 1985.
Site and species properties
We tested the dependence of local extinctions on several site and species properties, and on population size. As a measure of population size we used the local abundance of a species estimated in seven classes of ground cover in 1950. Site properties were: (1) dierence in mean nutrient-indicator value between vegetation records in 1950 and 1985 (values for each species were taken from Landolt 1977); (2) land use classi®ed as meadow, pasture, or mixed use; and (3) type of phytosociological association of the Mesobromion (three distinct classes). Species properties were: (1) life form in three classes of increasing life span (i.e. species with high turnover in their life cycle (annuals and biennials), perennial species, and clonal species with pronounced vegetative colonizing ability); (2)``no'',``low'' or``high'' Mesobromion speci®city as a combined measure of habitat speci®city, isolation, and regional abundance; (3) seed longevity (three categories, see below). We discarded nutrient-indicator value (Landolt 1977) as an additional species property because it did not explain signi®cant amounts of variation in any of our analysis. For a more detailed explanation of site and species properties (other than seed longevity) see Fischer and StoÈ cklin (1997) .
Classi®cation of seed longevity
We classi®ed seed longevity in three classes. Species with seeds which persist in the soil for less than 1 year have a``transient'' seed bank, between 1 and 5 years a``short-term persistent'' seed bank, and for at least 5 years a``long-term persistent'' seed bank. This classi®cation emphasizes whether seeds are likely to persist in the soil after a species has disappeared from the above-ground plant community which is an important criterion in restoration ecology (Bakker et al. 1996) . The classi®cation represents a modi®cation of the scheme proposed by Thompson and Grime (1979) , is based on Bakker (1989) ; Bakker et al. (1991) , described in Thompson (1992 Thompson ( , 1993 , and was used by Thompson et al. (1997) .
Our main source for species classi®cation was Thompson et al. (1997) . If the information from dierent studies in this database was not consistent we used the longevity index described by Thompson et al. (1998) . For calculating this index only``transient'' and``persistent'' records are recognized. The index can have any value from 0 (no persistent records) to 1 (all records persistent) and considered species with an index below 1/3 as transient, between 1/3 and 2/3 as short-term persistent, and above 2/3 as long-term persistent. As an additional source we used data on seed bank dynamics of calcareous grassland species compiled by Poschlod (1993) ; Poschlod and Jackel (1993) and summarized in Poschlod et al. (1996) . These authors distinguish four types of seed longevity: 1 = transient, <1±2 years; 2 = persistent for 2±5 years; 3 = persistent for 6±20 (25) years; 4 = persistent for several decades. We considered 1 and 2 as equivalent to``transient'' and``short-term persistent'' respectively in the classi®cation of Thompson et al. (1997) , and we combined 3 and 4 as``long-term persistent''.
In the six cases of severe contradictions between sources (transient vs. long-term persistent) we classi®ed seeds as short-term persistent. In the 19 cases of further contradictions between sources of information we gave priority to Thompson et al. (1997) if several studies were included in this database, otherwise we gave priority to the information indicating longer seed life-span.
The very small seeds of orchid species are never found in soil seed banks. Consequently, and following Poschlod and Jackel (1993) and R.M. Bekker (personal communication) we classi®ed the seeds of the 17 orchid species in our data set as transient. Thus we were able to classify seed longevity of 158 out of 185 species in our data set.
Statistical analysis
We analysed the fate of 1024 populations of 158 species present in the 26 sites around 1950 (Fischer and StoÈ cklin 1997: 1181 populations from 185 species). The data set was analysed in two dierent ways, either analysing the presence or absence in vegetation records in 1985 using analysis of deviance (Payne et al. 1993 ) using the complementary-log-log link (Candy 1986 ), or performing phylogenetically independent contrasts.
The analysis of deviance contained three parts, one for sites, one for species and one for populations (see Table 1 Reduction of the data set from 185 to 158 species (1181 to 1024 populations) did not essentially change our earlier results, and all levels of signi®cance (Table 4 in Fischer and StoÈ cklin 1997) remained unchanged, except for the one of life form which improved from 5% to 1%). Then we included seed longevity as an additional explanatory parameter for variation among species into the model. Statistical signi®cance of seed longevity did not depend on the sequence of source variables. Because none of the two-or three-wayinteractions between life form, Mesobromion speci®city and seed longevity was signi®cant, we omitted interactions from the model. To test whether the eect of seed longevity depended on the classi®cation of orchids we also analysed a reduced data set where we omitted all orchid records (leaving 948 populations of 141 species).
Out of the 114 dierent genera in our data set 85 were represented by only one species and 29 by two or more species. Seven of these genera contained both species with a long-term persistent seed bank and species with shorter-lived seeds. If several species within a genus ful®lled this criterion we chosed the species pair with the highest number of occurrences in the vegetation records of 1950. Then we used a v 2 -test for phylogenetically independent contrasts testing the hypothesis that within these seven genera the species with a``long-term persistent'' seed bank had a lower extinction rate compared with the species with shorter-lived seeds.
Results
In our data set life span of a species (high turnover<perennial<vegetative colonizing) was independent of seed longevity (n=158; r S =A0.027, P=0.73; Table 1 ). Species with higher Mesobromion speci®city tended to have shorter-lived seeds than species with lower speci®city (r S =A0.136, P < 0.09; Table 2 ). Mesobromion speci®city was not signi®cantly associated with life form (r S =0.084, P=0.30; Table 3) .
Seed longevity had a signi®cant eect on the rate of population extinction (P < 0.001; Table 4 ). Rates of local extinction were lower for species with seed longevity >5 years (31 species: mean SE=33.8 6.1%) compared with species with shorter-lived seeds (1±5 years: 46 species, 60.7 5.0%; <1 year: 81 species, 58.5 3.8%; Fig. 1 ). When we omitted orchid records (76 populations of 17 species) this pattern was conserved (with P < 0.01 instead of 0.001).
Integration of seed longevity into our analysis did not change the level of signi®cance of the eects of life form and Mesobromion speci®city on local extinction. Local extinction rate was lower for vegetative colonizing species (21 species; mean SE=29.8 7.4%) than for perennial (121 species; 56.7 3.1%) or high-turnover species (16 species, 68.2 8.5%). Local extinction rate was higher for species with high (27 species, 69.0 6.6%) than for species with low (72 species, 49.4% 4.0%) or without (59 species; 53.6 4.5%) Mesobromion speci®city.
In six of seven phylogenetically independent species pairs species with a long-term persistent seed bank had a lower extinction rate compared with species with shorter lived seeds (v 2 =7.14, P < 0.01).
Discussion
Extinction events in intact habitat remnants were signi®cantly less frequent for species with a long-term persistent seed bank (Table 4 , Fig. 1 ) than for species with shorter-lived seeds. This relationship was con®rmed by phylogenetically independent contrasts in seven genera. This supports our hypothesis that longer-lived seeds constitute a better buer against risks of local extinction caused by stochastic processes than shorterlived seeds. The integration of seed longevity into our analysis did not change our conclusions on the dependence of local extinction rates on Mesobromion speci®city and on life form that we reported previously (Fischer and StoÈ cklin 1997 ). This result is not self-evident because dierent species properties are not independent of each other. As expected from other studies Bekker et al. 1998; Davies and Waite 1998) species in our data set with higher Mesobromion speci®city tended to have shorter-lived seeds. Nevertheless, habitat speci®city proved to signi®cantly aect extinction rates even though it was ®tted after seed longevity. This indicates that specialist species are directly suering from their isolation in calcareous grassland remnants, and that this conclusion was not based on an indirect eect of their lack of a persistent seed bank. This also holds for the vulnerable orchids whose seeds are never found in soil seed banks. In the North-West European¯ora shorterlived species (annuals and biennials) tend to have longerlived seeds ). This correlation is probably mostly due to species of highly disturbed habitats such as arable ®elds and ruderal sites. In contrast, the life span of species in our data set was independent of seed longevity. We conclude that life form, seed longevity, and Mesobromion speci®city aected rates of local population extinction in calcareous grassland independently of each other.
Only 31 of the 158 study species have long-term persistent seeds. Compared with plant communities from more disturbed habitats this is a low proportion . Hence, the potential to resist population extinction via seeds in the soil is comparatively small in species-rich calcareous grassland. This is particularly true for the most endangered species group of high Mesobromion speci®city. Most of these species have transient seeds whereas longer-lived seeds are much more frequent in species with low or without Mesobromion speci®city (Table 2 ). The regeneration of less habitat-speci®c species from seeds in the soil and their subsequent rapid occupation of space may even reduce the recolonization potential of characteristic Mesobromion species from source populations (Graham and Hutchings 1988; Hutchings and Booth 1996) . Consequently, dierent seed longevity among dierent species groups may have contributed to the increase in the number of ubiquitous species which vulgarized the species composition from 1950 to 1985 (as reported in Fischer and StoÈ cklin 1997) .
Local extinctions are taking place even in intact habitat remnants (such as nature reserves) and amongspecies patterns are in line with the hypothesis that stochastic processes are contributing to local extinctions. We conclude that seed longevity is important for population persistence and plant diversity in calcareous grassland. However, because most characteristic species of calcareous grassland lack a persistent seed bank they cannot rely on this buering mechanism. Moreover, the recolonization potential of specialists from source pop- 
